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1 13.  ABSTRACT  (Maximum  200  words) 


19951030  043 


Abstract.  A  method  for  building  an  optical-to-microwave 
frequency  chain  and  for  measuring  optical  frequencies 
relative  to  the  cesium  primary  frequency  standard  is  de¬ 
scribed.  Based  on  optical  frequency  division  via  paramet¬ 
ric  oscillators,  the  concept  is  to  generate  two  known  ratios 
(1/2  and  4/9)  of  an  optical  calibration  frequency /i  whose 
frequency  difference  is  measured  relative  to  the  cesium 
clock.  The  (1/2)  ratio  is  obtained  by  either  a  2 : 1  frequency 
division  of/i  or  second-harmonic  generation  of  (1/2) /i. 
The  (4/9)  ratio  of/,  can  be  generated  with  a  3 ;  1  frequency 
divider  driven  by  a  second  laser  at/,  that  is  chosen  to  be 
near  (2/3)/,,  which  in  turn  is  obtained  with  a/, -pumped 
3 : 1  frequency  divider.  A  set  of  auxiliary  Optical  Paramet¬ 
ric  Oscillators  (OPOs)  with  outputs  centered  at  (1/2)/,  is 
used  to  facilitate  the  difference-frequency  measurement 
between  the  two  ratios.  A  practical  configuration  utilizing 
a  YAG  and  a  Ti :  AI2O3  laser  and  its  application  to  a  num¬ 
ber  of  precision  measurements  of  interest  are  presented. 
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Optical  Parametric  Oscillators  (OPOs)  [4],  and  sum-  and 
difference-frequency  mixing  [5,6].  The  proposed  fre¬ 
quency-counting  systems  are  envisioned  to  be  all-solid- 
state  and  compact,  and  they  are  potentially  useful  not 
only  in  frequency  metrology  and  precision  measurements 
but  also  in  the  area  of  optical  communication  networks. 

One  of  the  proposed  methods  employs  a  parallel  net¬ 
work  of  OPOs  driven  by  a  single  calibration  laser  with  the 
ratios  a  =  2/3  and  ^  =  1/2  [4].  Unlike  the  conventional 
frequency  chain  and  other  proposed  methods,  this  one- 
laser  OPO  network  does  not  require  additional  transfer 
laser  oscillators.  Instead,  OPOs  are  used  for  generating 
the  ratios  and  for  measuring  the  difference  frequency 
{a  —  h)  f.  OPO  frequency  division  with  a  pump-frequency 
to  output-frequency  ratio  of  2 : 1  has  been  reported  [7].  In 
a  2 : 1  divider,  the  beat  between  the  two  nearly  equal 
output  frequencies  is  phase  locked  to  a  microwave  source. 
A  3 : 1  OPO  divider  has  not  been  demonstrated  but  it  can 
be  implemented  in  the  following  way.  In  a  3 : 1  divider,  the 
output  frequencies  are  related  by  a  factor  of  two.  There¬ 
fore,  the  higher-frequency  output  and  the  second  har¬ 
monic  of  the  lower-frequency  output  can  be  phase  locked 
to  yield  the  exact  ratio  of  3 : 1  between  the  pump  and  the 
lower-frequency  output.  This  phase  locking  can  be  ac¬ 
complished  either  external  or  internal  to  the  OPO.  Be¬ 
cause  parametric  interactions  are  non-resonant,  OPOs 
can  be  very  low  noise  devices.  Together  with  their  high 
conversion  efficiency  and  wide  tunability,  OPOs  are  po¬ 
tentially  more  suitable  than  lasers  for  use  in  frequency 
chains. 

A  major  disadvantage  of  this  one-laser-based  OPO 
method  is  that,  in  addition  to  the  two  OPOs  that  are  used 
to  generate  the  markers  (1/2)  /  and  (2/3)  f,  10  or  more 
OPOs  may  be  needed  for  measuring  the  frequency  differ¬ 
ence  between  the  two  markers.  It  is  therefore  interesting  to 
investigate  the  feasibility  of  using  two  ratios  that  are 
closer  than  (1/2)  and  (2/3)  in  order  to  reduce  the  number  of 
required  OPOs.  Also,  while  it  is  obvious  that  at  least  one 
laser  is  needed  for  the  calibration,  it  is  instructive  to 
examine  if  there  is  any  advantage  in  employing  an  addi¬ 
tional  laser  as  a  transfer  oscillator. 

In  this  paper,  we  propose  a  two-laser-based  OPO 
frequency  synthesis  chain.  By  using  a  second  laser,  we  will 
show  that  the  ratios  (1/2)  and  (4/9)  can  be  generated  with 
a  difference-frequency  ratio  of  (1/18),  which  is  6  times 
smaller  than  the  corresponding  ratio  of  ( 1  /3)  for  the  case  of 
the  one-laser-based  system.  A  proper  selection  of  the  rela¬ 
tive  frequency  positions  of  the  two  lasers  in  the  proposed 
OPO  frequency  chain  can  significantly  reduce  the  com¬ 
plexity  of  the  OPO  network.  In  Sect.  1,  we  will  describe 
the  basic  concept  of  a  two-laser- based  OPO  frequency 
chain.  A  realizable  configuration  will  be  examined  in 
Sect.  2.  Finally,  in  Sect.  3,  a  few  applications  in  precision 
measurements  that  can  take  advantage  of  the  proposed 
OPO  frequency  chain  will  be  discussed. 


I  Basic  concept 

The  basic  structure  of  a  two-laser-based  OPO  frequency 
chain  is  illustrated  in  Fig.  1.  A  laser  at  frequency  J\  is  used 
to  pump  two  OPO  frequency  dividers  with  pump-to-out- 
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Fig.  1.  Basic  configuration  of  a  two-laser-based  OPO  frequency 
chain 


put  ratios  of  2:1  and  3:1.  The  2:1  divider  yields  the 
output  frequency  (1/2) /i,  and  the  3: 1  divider  generates 
the  frequency  (2/3)/i.  (The  (l/3)/i  output  is  also  generated 
but  it  is  not  utilized.)  It  is  also  possible  to  replace  the  2 : 1 
division  with  the  Second-Harmonic  Generation  (SHG)  of 
a  laser  at  frequency  (1/2)  /i,  thus  generating  the  pump 
frequency  at  /j.  A  second  laser  whose  frequency  /2  is 
chosen  to  be  close  to  (2/3)/i  is  used  to  drive  a  3: 1  OPO 
divider.  The  frequency  of  the  generated  output  (2/3) /2  is 
therefore  close  to  (4/9)  /i . 

The  relative  positions  of  the  four  relevant  frequencies, 
(1/2)  /i,  (2/3)  /i,  /2,  and  (2/3)  /2,  are  indicated  on  the 
frequency  axis  in  Fig.  1,  which  are  related  as  follows: 


fj  =  ^/l  + 

(1) 

9  1 

3/2  =  y/i  -  >’• 

Multiplying  (1)  by  2/3  yields 

(2) 

2  4  2 

3/2  -  ^/l  +  -.v. 

(3) 

which  shows  that  by  positioning/2  close  to  (1/3) /i,  the  two 
3:1  dividers  combine  to  generate  the  ratio  (4/9)  of /i. 
From  (2)  and  (3),  we  can  express  the  optical  frequency /i  as 
a  function  of  the  difference  frequencies  x  and  y, 

J\  =  12x  +  18y.  (4) 

The  purpose  of  the  three  OPO  dividers  is  to  create  the 
ratios  (1/2)  and  (4/9)  of  the  calibration  frequency /i.  By 
measuring  the  difference  frequencies  x  and  y  relative  to  the 
Cs  frequency  standard,  the  absolute  value  of  /i  is  ob¬ 
tained.  Once/i  is  measured, /2  and  the  four  OPO  outputs 
are  also  calibrated. 

Consider  fi  =  563.8  THz,  which  is  the  second  har¬ 
monic  of  YAG  at  1064  nm,  and,  for  simplicity,  assume 
X  =  y.  From  (4),  we  find  that  x  =  18.8  THz.  That  is,  by 
using  two  lasers  for  the  OPO  network  in  Fig.  1  and  by 
making  two  difference-frequency  measurements  (x  and  y) 
of  18.8  THz  relative  to  the  Cs  clock,  the  calibration  fre¬ 
quency  /i  can  be  determined  accurately.  In  comparison, 
a  single-laser  OPO  frequency-counting  system  that  uses 
a  2 : 1  and  a  3 : 1  divider  generates  the  ratios  a  =  and 
6=1/2,  which  leads  to  a  difference  frequency  (a  -  6) 


4 


145 


f=(l/6)  /i  =94  THz.  This  frequency  difference  is  five 
times  larger  than  that  in  the  proposed  tv^o-laser  OPO 
frequency  chain.  It  is  clear  that  an  advantage  of  a  two- 
laser  OPO  frequency  chain  is  the  significant  reduction  in 
the  frequency  difference  that  needs  to  be  measured.  As  we 
shall  see  in  the  next  section,  the  benefits  of  including 
additional  OPOs  can  be  even  more  significant. 


2  Implementation 

2.1  Configuration 

In  principle,  any  stable  laser  can  be  used  as  the  calibration 
laser /i  for  the  proposed  OPO  frequency  chain.  In  prac¬ 
tice,  however,  the  choice  of  the  two  pump  frequencies 
depends  on  the  intended  application  and  on  the  availabil¬ 
ity  of  various  optical  components  such  as  nonlinear  crys¬ 
tals.  It  is  best  to  deploy  a  simple  system  consisting  of 
mostly  commercially  available  components.  On  that 
basis,  we  consider  using  the  second  harmonic  of  YAG  as 
the  first  pump  source,  with  J\  =  563.8  THz.  High  power 
(  >  0.7  W)  cw  diode-pumped  YAG  lasers  are  commercial¬ 
ly  available  and  very  narrow  linewidths  have  been  ob¬ 
tained  by  frequency  stabilization  [8,9].  Second-harmonic 
conversion  efficiency  in  excess  of  80%  has  been  reported 
at  a  fundamental  wavelength  of  1.06  pm  using  MgO: 
LiNbOa  [10]  and  1.08  pm  using  KTP  [11].  Moreover,  the 
YAG  and  its  SHG  system  can  be  all-solid-state  and  com¬ 
pact,  which  is  a  desirable  feature  for  a  portable  frequency 
chain.  It  should  be  noted  that  the  use  of  a  YAG  laser  and 
its  second  harmonic  eliminates  the  need  for  a  2: 1  OPO 
divider. 

The  frequency  /a  of  the  second  laser  should  be  near 
(2/3)/i  =  376  THz,  at  a  wavelength  of  798  nm.  This  is  near 
the  peak  lasing  range  of  a  Titanium-doped  Sapphire 
(Ti :  S)  laser,  which  can  also  be  frequency  stabilized.  A  dis¬ 
tinct  advantage  of  using  a  Ti:S  laser  is  its  tunability 
because,  as  we  shall  see,  an  optimum  configuration  re¬ 
quires  that  [2  be  varied  according  to  the  difference-fre¬ 
quency  measurement  capability.  In  the  future,  the 
Ti:  S  laser  can  be  replaced  by  a  diode  laser,  thus  making 
possible  a  highly  compact  and  portable  frequency  chain. 

A  major  challenge  in  implementing  the  frequency 
chain  depicted  in  Fig.  1  is  the  ability  to  accurately 
measure  a  frequency  difference  of  20  THz  in  the  optical 
domain.  Current  advances  in  optical  frequency-comb  gene¬ 
ration  have  made  possible  difference-frequency  measure¬ 
ment  in  the  THz  range  and  a  measurement  capability  of 
10  THz  should  be  feasible  in  the  near  future  [12, 13].  In 
the  proposed  system,  we  intend  to  solve  the  problem  by 
subdividing  the  ^20  THz  frequency  interval  into  several 
smaller  intervals  that  can  be  accurately  measured.  By 
adding  an  auxiliary  set  of  n  tunable  2: 1  OPO  dividers 
with  outputs  centered  around  (l/2)/i,  n  4-  I  smaller  inter¬ 
vals  between  ( 1  /2)/i  and  (2/3)/2  are  created.  The  number  of 
required  auxiliary  OPOs  depends  on  the  maximum  fre¬ 
quency  difference  that  the  system  is  capable  of  measuring. 

Figure  2  shows  the  schematic  of  the  two-laser-based 
OPO  system.  This  system  is  similar  to  that  of  Fig.  1  except 
that  the  2: 1  divider  is  now  replaced  with  the  YAG  laser 
and  its  second-harmonic  output,  and  that  a  set  of  n  auxili- 


Fig.  2.  Schematic  of  a  two-laser-based  OPO  frequency  chain  with 
a  set  of  auxiliary  OPOs  to  facilitate  difference-frequency  measure¬ 
ments 


ary  OPOs  is  used  to  facilitate  the  difference-frequency 
measurement.  For  simplicity,  we  assume  that  all  relevant 
frequency  spacings  are  the  same  (x),  which  are  to  be 


measured  relative  to  the  Cs  clock.  The  two  pump  frequen¬ 
cies  in  Fig.  2  are  related  by 

+ 

11 

(5) 

yfi  +  x  =  -h-  nx, 

(6) 

which  yields 

/i  =  (18«  +  30)x, 

(7) 

/2  =  (Un  +  2l)x. 

(8) 

For  /i  =  563.8  THz,  Table  1  lists  the  frequency  spacing  x, 
and  the  frequency  and  wavelength  of  the  second  laser  for 
n  =  0,  3,  4,  5.  The  output-frequency  range  of  the  n  auxili¬ 
ary  OPOs,  (l/2)/i+nx,  and  the  corresponding 
wavelength  range  are  also  shown.  The  case  of  n  =  0  is  that 
of  the  basic  configuration  of  Fig.  1  without  an  auxiliary 
set  of  OPOs  and  is  used  here  for  comparison.  It  should  be 
pointed  out  that  the  operation  of  the  system  does  not 
depend  on  the  assumption  that  the  frequency  spacings  are 
equal. 

Table  1  shows  that  the  frequency  spacing  x  is  reduced 
significantly  with  the  use  of  a  few  auxiliary  OPOs,  drop¬ 
ping  from  18.8  THz  for  n  —  0  to  5.5  THz  for  n  =  4.  For 
a  larger  n,  the  decrease  in  x  is  much  less.  For  example,  one 
can  calculate  from  (7)  that  for  n  =  10,  x  =  2.7  THz.  In  this 
case,  the  reduction  by  a  factor  of  2  from  x  =  5.5  THz 
(n  =  4)  to  X  =  2.7  THz  {n  —  10)  is  obtained  at  the  expense 
of  increased  complexity  of  adding  six  extra  OPOs.  If  the 
difference-frequency  measurement  capability  is  limited  to 
3  THz,  then  it  may  be  necessary  to  increase  the  number 
of  auxiliary  OPOs  to  10  or  more. 

We  note  that  /2  varies  only  slightly  for  different  ns  so 
that/2  is  always  close  to  (2/3)/i.  If  an  auxiliary  OPO  needs 
to  be  added  to  or  subtracted  from  the  system  after  it  has 
already  been  set  up,  it  requires  only  a  minor  adjustment  to 
the  auxiliary  set  of  OPOs  such  as  a  slight  change  in  the 
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Table  1.  Frequency  spacing  x,  frequency  /2  and  wavelength  /2  of 
second  laser,  frequency  range  Af  and  the  wavelength  range  A/,  of  the 
auxiliary  set  of  n  OPOs  for  various  values  of  n.  J]  =  563.8  THz 


n 

.v[THz] 

/[THz] 

Z2  [nm] 

4/'[THz] 

U/-[nm] 

0 

18.8 

394.5 

760 

3 

6.7 

382.4 

784 

261.7-301.9 

993 1146 

4 

5.5 

381.3 

786 

259.7-303.9 

986-1154 

5 

A.l 

380.4 

788 

258.3-305.3 

982-1161 

phase-matching  angles  of  the  nonlinear  crystals.  Because 
f-y  is  nearly  constant  the  span  of  the  auxiliary  set  of  OPOs, 
(1/2)/,  ±  /L\%  varies  only  slightly  for  different  us.  There¬ 
fore,  the  choice  of  n  depends  primarily  on  how  large 
a  frequency  difference  the  system  can  measure.  For  the 
rest  of  this  paper,  we  will  assume  n  =  4,  i.e.,  a  measuring 
capability  of  at  least  5.5  THz. 


2.2  Phase-locked  OPOs 

Wide-span  optical  frequency  combs  can  be  utilized  to 
measure  the  frequency  difference  v  and  to  phase  lock  the 
OPO  system.  Resonant  Electro-Optic  (EO)  modulation  is 
a  useful  technique  to  generate  terahertz  optical  frequency 
combs.  Efficient  modulation  at  microwave  frequencies  is 
obtained  by  matching  the  phase  velocities  of  the  optical 
and  microwave  fields  in  the  modulator  substrate  and  by 
placing  the  modulator  inside  an  optical  cavity  that  is 
resonant  for  the  input  beam  and  the  generated  side  bands. 
This  has  been  demonstrated  to  generate  hundreds  of  side 
bands  with  a  span  of  several  THz,  and  the  optical  fre¬ 
quency  comb  has  been  used  to  measure  and  phase  lock 
optical  frequencies  separated  by  a  large  frequency  differ¬ 
ence  [12, 13]. 

Figure  3  is  a  sketch  of  the  phase-locking  scheme  for  the 
OPO  frequency  chain  by  using  wide-span  EO  frequency 
combs.  The  example  in  Fig.  3  consists  of  an  auxiliary  set  of 
3  OPOs  and  the  YAG  laser,  as  represented  by  four  major 
frequency  markers,  and  two  EO  frequency  combs.  Since 
the  higher-frequency  outputs  of  the  three  OPOs  are  not 
needed  for  phase  locking  purposes,  they  are  not  shown  in 
the  sketch.  One  of  the  EO  frequency  combs  is  generated 
from  the  carrier  frequency  at  (\j2)j\  and  the  other  comb 
from  (l/2)/i  —2x.  The  OPO  output  at  (l/2)/i  —  .x  is 
phase  locked  to  the  YAG  laser  at  (l/2)/i  by  locking 
(  l/2)/i  .V  to  the  nearest  side  band  of  the  Y  AG-generated 
EO  frequency  comb.  Therefore,  the  actual  phase  locking  is 
between  two  nearby  frequencies  separated  by  at  most  half 
of  the  modulation  frequency  [13].  To  ensure  an  adequate 
signal-to-noise  ratio  for  the  phase-locked  loop,  there 
should  be  sufficient  power  in  the  side  band  closest  to 
(l/2)/i  —  A'.  Similarly,  the  EO  comb  that  is  generated  from 
the  OPO  output  at  (l/2)/i  —  2.\'  is  used  to  phase  lock  itself 
to  (l/2)/i  —  A  and  (l/2)/i  —  3a'.  In  this  way,  the  three 
OPO  outputs  are  phase  locked  to  the  YAG  laser  by  using 
two  EO  frequency  combs. 

For  n  =  4,  an  additional  EO  frequency  comb  gener¬ 
ated  from  the  OPO  output  at  (l/2)/i  —  4a'  is  needed  to 
phase  lock  itself  to  (l/2)/j  —  3x  and  to  (2/3)/2.  Therefore, 
with  the  use  of  three  wide-span  EO  frequency  combs,  the 
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Fig.  3.  Diagram  showing  the  use  of  two  EO  frequeney  combs  for 
phase  locking  a  section  of  the  OPO  frequency  chain.  Phase  locking 
lakes  place  between  a  major  frequency  marker  and  its  closest  side 
band,  as  indicated  by  each  of  the  three  circles 

YAG  laser  and  the  (2/3)/2  OPO  output  can  be  phase 
locked  and  their  frequency  difference  measured.  In  addi¬ 
tion,  a  fourth  EO  frequency  comb  generated  from  the 
Ti:S  laser  at  /2  is  needed  to  phase  lock  /2  and  {2/3)J\  so 
that  the  entire  OPO  frequency  chain  is  phase  locked. 
Since  the  four  EO  frequency  combs  are  driven  by  micro- 
wave  frequencies  that  are  in  turn  phase  locked  to  the  Cs 
clock,  the  OPO  network  is  thereby  phase  locked  to  the  Cs 
frequency  standard,  and  all  the  optical  frequencies  in 
Fig.  2  are  absolutely  calibrated.  Note  that  the  higher-fre¬ 
quency  outputs  of  the  auxiliary  set  of  OPOs  are  also 
calibrated  because  the  sum  frequency  of  the  higher-  and 
lower-frequency  outputs  of  each  OPO  must  equal  the 
pump  frequency /i. 

2.3  Phase  noise 

It  is  useful  to  estimate  the  accumulated  phase  noise  of  the 
OPO  frequency  chain  in  order  to  assess  how  robust  the 
microwave-optical  phase-locking  system  can  be.  There  are 
four  main  noise  sources:  the  two  lasers,  the  OPOs,  the 
EO  frequency  combs,  and  the  optical  Phase-Locked 
Loops  (PLLs).  In  the  design  of  their  proposed  frequency 
chain,  Nakagawa  et  al.  have  shown  that  the  phase- 
noise  contribution  of  the  optical  PLLs  is  small  and 
that  the  phase  noise  of  the  calibration  laser  dominates 
[6].  Here,  we  examine  the  noise  sources  of  an  OPO  and  of 
an  EO  comb  generator  to  show  that  they  too  can  be  small 
enough  to  ensure  that  a  cycle  slip  is  unlikely  to  happen. 

The  major  contributions  to  the  phase  noise  of  an  OPO 
are  the  phase  noise  of  the  pump  and  the  intrinsic  phase 
diffusion  noise  of  the  OPO  [14].  The  pump  phase  noise  is 
common  to  all  outputs  of  OPOs  that  are  pumped  by  the 
same  laser.  Consequently,  the  common-  mode  pump  noise 
is  suppressed  to  a  large  degree  when  the  OPO  outputs  are 
phase  locked.  This  is  the  case  for  the  auxiliary  set  of  OPOs 
which  are  pumped  by  the  second  harmonic  of  YAG.  In  the 
case  of  the  (2/3)/i  and  (2/3)/2  OPO  outputs,  the  lower- 
frequency  outputs  at  (l/3)/i  and  ( l/3)/2  are  not  part  of  the 
frequency  chain  and,  therefore,  the  phase  noise  of  the  two 
pump  lasers  show  up  in  the  PLLs  that  connect  one  laser 
to  the  other.  Under  appropriate  phase-locking  conditions, 
the  pump  phase  noise  should  become  the  dominant  noise 
source  of  the  frequency  chain  [6]. 

The  phase  diffusion  noise  of  an  OPO  is  similar  to  that 
of  a  laser,  which  can  be  large  at  low  frequencies.  It  can  be 
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effectively  suppressed  when  it  is  phase  locked  to  a  quiet 
microwave  oscillator.  This  has  been  demonstrated  in 
a  tunable  2: 1  OPO  which  shows  a  low-frequency  phase 
noise  density  of  ?^0.3  mrad/^/Hz  at  a  signal-idler  beat 
frequency  of  12  GHz  [7],  limited  mostly  by  the  electronic 
noise  in  the  PLL. 

There  are  two  noise  sources  that  affect  the  optical 
frequency  comb  generator.  One  is  the  cavity-length  fluctu¬ 
ation  in  the  modulator  cavity,  as  pointed  out  by 
Nakagawa  et  al.  [6].  Assuming  that  the  cavity  length  of 
the  high-finesse  modulator  cavity  can  be  stabilized  to  with¬ 
in  0.01  nm,  the  phase  noise  should  be  less  than  0.02  rad. 
The  second  noise  source  is  the  phase  noise  of  the  micro- 
wave  signal  that  drives  the  EO  frequency  comb  generator. 

The  phase  noise  density  of  the  m-th  side  band  of  an  EO 
frequency  comb  due  to  the  microwave  oscillator  scales 
quadratically  with  the  side  band  order  m.  That  is,  if  S,p{(o) 
is  the  phase  noise  power  spectral  density  of  the  input 
modulation  field,  then  the  m-th  side  band  will  have 
a  power  spectral  density  of 

S^;{co)  =  m%{co),  (9) 

For  n  auxiliary  OPOs,  the  total  number  of  PLLs  required 
for  the  proposed  frequency  chain  is  n  +  2.  Therefore,  the 
total  accumulated  phase  noise  variance  due  to  the  micro- 
wave  source(s)  is 

=  (/?  +  2)m~S,pB,  (10) 

where  S,p  is  the  average  power  spectral  density  of  the 
modulation  field  over  the  PLL  bandwidth  B. 

Consider  our  example  of  n  =  4  and  a  difference  fre¬ 
quency  of  5.5  THz.  If  we  assume  a  modulation  frequency  of 
18  GHz,  then  it  takes  m  =  305  for  the  EO  comb  to  reach 
5.5  THz.  In  order  that  a  cycle  slip  does  not  occur,  we  can 
put  an  upper  limit  of  <  1  rad.  For  a  bandwidth 
^  =  10  kHz,  this  requires  an  average  phase  noise  density 
for  the  microwave  source  <  —  97  dBc/Hz.  Typical 
phase  noise  density  of  commercial  microwave  synthesizers 
is  —  80  dBc/Hz,  specified  at  a  10  kHz  offset  for  a  micro- 
wave  frequency  of  20  GHz.  There  are  a  number  of  steps 
that  can  be  taken  to  keep  the  total  phase  noise  below  1  rad. 
Firstly,  a  microwave  source  with  much  lower  phase  noise 
can  be  used.  New  microwave-cavity  designs  have  produced 
phase  noise  densities  well  below  —  120  dBc/Hz  at  an  offset 
of  10  kHz  [15].  Secondly,  the  bandwidth  B  can  be  reduced 
so  as  to  limit  the  total  amount  of  phase  noise.  Thirdly,  the 
modulation  frequency  can  be  increased  so  that  m  is  re¬ 
duced.  However,  it  is  likely  that  at  higher  microwave  fre¬ 
quencies  increases,  thus  neutralizing  the  advantage  of 
reducing  m.  Lastly,  note  in  (10)  that  while  the  phase  noise 
variance  is  linearly  proportional  to  n  +  2,  it  is  quadratic 
with  respect  to  m.  It  is  therefore  possible  to  double  the 
number  of  PLLs  and  reduce  m  by  half  so  that  there  is  a  net 
reduction  of  a  half  in  the  total  phase  noise  variance.  Over¬ 
all,  we  believe  that  the  most  effective  reduction  in  the  phase 
noise  is  by  using  an  ultralow  phase  noise  microwave  source. 

2.4  Nonlinear  aystals 

The  viability  of  the  proposed  OPO  frequency  chain  de¬ 
pends  on  the  availability  of  nonlinear  crystals  that  can 


efficiently  generate  the  required  OPO  outputs.  These  in¬ 
clude  the  auxiliary  set  of  tunable  2: 1  OPOs  and  the  two 
3 : 1  OPOs.  It  is  well  known  that  potassium  titanyl  phos¬ 
phate  (KTP)  can  be  non-critically  type-II  phase  matched 
for  1064  nm  SHG  [16].  Therefore  KTP  is  phase  match- 
able  at  the  same  angle  for  a  frequency-degenerate  2:1 
OPO  pumped  at  532  nm.  Indeed,  the  outputs  of  the  entire 
auxiliary  set  of  tunable  2: 1  OPOs  in  Fig.  2  can  be  gener¬ 
ated  by  non-critically  type-II  phase-matched  KTP  crys¬ 
tals.  Type-II  phase  matching  is  important  in  this  case 
because  it  eliminates  the  cluster-mode  hopping  that  is 
common  in  nearly  degenerate  type-I  phase-matched 
OPOs  [17, 18].  Also,  KTP  has  a  wide  temperature  toler¬ 
ance  and  a  large  acceptance  angle  that  are  desirable  for 
stable  operation  of  an  OPO  frequency  divider. 

Cesium  Titanyl  Arsenate  (CTA)  is  a  nonlinear  crystal 
that  can  be  non-critically  type-II  phase  matched  for 
3 : 1  frequency  division  pumped  at  532  nm  [19].  CTA  is  an 
arsenate  isomorph  of  KTP  and  therefore  is  similar  to 
KTP  in  many  ways:  a  nonlinear  coefficient  of  the  same 
magnitude,  a  wide  temperature  bandwidth,  and  a  large 
acceptance  angle.  It  is  expected  that  a  cw  OPO  based  on 
CTA  should  have  a  threshold  and  tuning  behavior  similar 
to  a  KTP  OPO.  A  recent  three-wave  mixing  experiment 
[20]  confirms  that  CTA  has  approximately  the  same 
magnitude  in  its  nonlinear  coefficients  as  KTP  and  it  can 
be  phase  matched  at  an  angle  of  /)  =  90°,  ^^48°  for 
3 : 1  division  pumped  at  532  nm.  The  experiment  also 
shows  that  further  improvement  in  the  crystal  quality  is 
needed  before  cw  parametric  oscillation  can  be  achieved. 

Rubidium  Titanyl  Phosphate  (RTP)  is  another 
isomorph  of  KTP  that  can  be  non-critically  phase  match¬ 
ed  at  31°  to  permit  3 : 1  frequency  division  pumped  at 
^  787  nm)  [21].  As  in  the  case  of  CTA,  the  nonlinear 
coefficients,  temperature  bandwidth,  and  acceptance  angle 
of  RTP  are  similar  to  those  of  KTP.  Both  CTA  and  RTP 
are  relatively  new  crystals  and  their  crystal  quality  are  not 
as  good  as  that  of  KTP. 

In  3 : 1  frequency  division,  the  exact  ratio  of  3 : 1  is 
obtained  by  phase  locking  the  (2/3)  /  output  and  the 
second  harmonic  of  the  (1/3)  /  output.  The  second  har¬ 
monic  of  (1/3)  f  can  be  generated  either  external  or  internal 
to  the  OPO  cavity  with  a  doubling  crystal.  For  the 
532  nm  pumped  3 : 1  divider,  the  1596  nm  radiation  can  be 
doubled  with  a  CTA  crystal  at  a  phase  matching  angle  of 
f?^82°  and  /  =  0°.  Since  0  is  close  to  the  non-critical 
phase-matching  angle  of  90°,  the  walkoff  is  moderate  with 
a  calculated  walkoff  angle  of  0.46°.  Similarly,  the  second 
harmonic  of  (1/3)  /2  at  ^^^2359  nm  can  be  generated  using 
a  CTA  crystal  cut  87°  and  /  =  0°,  with  an  estimated 
walkoff  angle  of  0.16°.  It  is  clear  that  high-quality  CTA 
crystals  are  essential  to  the  realization  of  the  two  3 : 1 
frequency  dividers  in  the  proposed  OPO-based  optical 
frequency  chain. 


2.5  Pump  powers 

Another  practical  aspect  of  the  proposed  frequency  chain 
is  the  amount  of  optical  pump  powers  that  are  required  to 
drive  the  two  3:1  OPOs  and  the  auxiliary  set  of  four 
OPOs.  Assuming  that  the  CTA  and  RTP  crystals  will  be 
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of  good  quality  approaching  that  of  KTP,  the  minimum 
threshold  should  be  in  the  range  of  25  -40  mW.  For  pump¬ 
ing  the  OPOs  at  1.5  times  above  threshold,  ^0.3  W  of 
power  at  532  nm  should  be  adequate.  This  should  be 
obtainable  from  SHG  of  YAG  at  a  fundamental  power 
level  of  0.5  W  or  higher  [1 1].  In  a  worst-case  scenario  in 
which  the  required  operating  pump  power  is  higher  or  the 
SHG  conversion  eflficiency  is  lower,  two  phase-locked 
YAG  lasers  would  provide  the  required  pump  power.  The 
modest  power  that  is  required  at  787  nm  can  be  easily 
obtained  from  a  low-power  Ti:S  laser  or  diode  laser. 


3  Applications 

The  establishment  of  an  optical-microwave  frequency 
chain  permits  the  absolute  optical  frequencies  of /|  and  /2, 
as  well  as  all  the  frequencies  derived  from  the  two  frequen¬ 
cies,  to  be  accurately  known  relative  to  the  Cs  primary 
frequency  standard.  As  a  result,  the  OPO  outputs  and  the 
side  bands  of  the  EO  frequency  combs  serve  as  calibrated 
optical  frequency  markers  for  measuring  other  optical 
frequencies.  For  the  proposed  system  in  Fig.  2,  the  calib¬ 
rated  spectral  regions  are:  532  nm  [/i],  786  798  nm 
[j2^{2/3)J\l  986  1179  nm  1{\/2)J\  +  4.v  ^  (2/3)./2], 

1596  nm  [(i/3)/i],  and  2359  nm  [(l/3)/2].  By  use  of  non¬ 
linear  sum-  and  difference-frequency  mixing,  it  should  be 
possible  to  measure  a  number  of  optical  frequencies  of 
metrological  or  spectroscopic  importance  with  unprece¬ 
dented  accuracy.  Some  of  the  measurements  that  can 
benefit  from  the  OPO  frequency  chain  are  briefly  dis¬ 
cussed  below. 


3.1  CH ^-stabilized  HeNe  at  3.39  pm 

The  methane-stabilized  HeNe  laser  at  3.39  pm 
(88.376  THz)  is  one  of  the  most  accurately  known  optical 
frequencies  and  it  has  been  measured  directly  relative  to 
the  Cs  clock  using  a  traditional  frequency  chain  [1, 2].  It  is 
therefore  interesting  to  measure  the  3.39  pm  line  using  the 
OPO  frequency  chain  and  compare  it  with  the  value 
obtained  by  the  traditional  frequency  chain.  By  mixing  the 
1064  nm  radiation  of  YAG  with  the  3.39  pm  laser  it  yields 
a  difference  frequency  of  193.5  THz  at  the  wavelength  of 
1550  nm.  The  difference-frequency  output  can  then  be 
compared  with  the  (1/3) /i  output  of  the  532  nm  driven 
OPO  which  has  a  frequency  of  187.9  THz  (1596  nm).  The 
frequency  difference  between  the  two  wavelengths,  1550 
and  1596  nm,  is  5.6  THz,  which  is  measurable  with  the  use 
of  an  EO  frequency  comb.  Difference-frequency  mixing  of 
1.06  and  3.39  pm.  laser  lines  can  be  accomplished  in  an¬ 
other  isomorph  of  KTP:  Potassium  Titanyl  Arsenate 
(KTA)at  0  =  90/  (1)^6^  [21]. 


3.2  IS-2S  transition  of  hydrogen 

One  of  the  most  fundamental  measurements  in  atomic 
spectroscopy  is  the  hydrogen’s  IS -25  two-photon 
transition  at  2468  THz.  Its  absolute  frequency  accuracy  is 


important  for  checking  the  precision  of  quantum  elec¬ 
trodynamic  calculations  and  for  obtaining  new  accurate 
values  of  a  number  of  fundamental  constants  [22].  The 
pump  radiation  for  the  two-photon  transition  is  usually 
generated  by  doubling  the  frequency  at  617  THz  (486  nm) 
which,  in  turn,  can  be  obtained  by  doubling  a  Ti :  S  laser  at 
308  THz  (972.6  nm).  This  Ti:S  laser  frequency  is  located 
only  4  THz  from  the  (l/2)/i+4v  output  (304  THz, 
987  nm)  of  the  auxiliary  set  of  OPOs.  Therefore, 
a  straightforward  frequency  comparison  between  the  two 
frequencies  using  an  EO  frequency  comb  should  permit 
the  absolute  frequency  measurement  of  the  1S-2S 
transition  frequency. 


3.3  Two-photon  transition  of  rubidium 

Another  interesting  two-photon  transition  is  that  of  ru¬ 
bidium  (Rb)  between  the  5Si  /2  and  levels,  which  has 
recently  been  measured  absolutely  with  an  uncertainty  of 

1.3  X  10”  ^  ^  [23].  It  is  a  potential  optical  frequency  stan¬ 
dard  in  the  near-IR  region.  The  drive  frequency  for  this 
two-photon  Rb  transition  at  385.5  THz  (778  nm)  is  separ¬ 
ated  from  the  Ti:S  pump  laser  /2  (787  nm)  of  the  OPO 
frequency  chain  by  4  THz.  Again,  an  EO  frequency  comb 
will  enable  the  frequency  difference  between  fj  and  the 
two-photon  pump  frequency  to  be  measured. 


3.4  li-stabilized  HeNe  at  633  nm 

The  iodine-stabilized  HeNe  laser  at  633  nm  is  a  secondary 
optical  frequency  standard  located  in  the  red  spectral 
region  and  provides  a  convenient  wavelength  marker  in 
the  visible  region.  The  sum  frequency  mixing  of  (l/2)/i  at 
1064  nm  and  (l/3)/i  at  1596  nm  yields  (5/6)/i  at  638  nm 
which  is  4  THz  away  from  the  633  nm  line.  Since  the 
638  nm  output  is  derived  entirely  from  the  YAG  laser,  one 
should  note  that  even  without  an  optical-microwave  fre¬ 
quency  chain,  the  frequency  comparison  here  provides 
a  measurement  of  the  YAG  laser  frequency  (whose  second 
harmonic  can  be  stabilized  to  another  iodine  line 
[8]  )  relative  to  the  red  HeNe  laser.  A  CTA  crystal  set  at 
(j  =  90/  c/;::;r23  can  be  used  to  perform  the  required 
sum-frequency  mixing. 


3.5  Calcium  transition  at  657  nm 

Another  interesting  spectroscopic  line  in  the  red  spectral 
region  is  the  intercombination  transition  between  the 
ground  state  ^Sq  and  the  state  of  calcium  at  657  nm 
[24].  The  narrow  linewidth  of  the  line  makes  it  a  prime 
candidate  for  an  optical  frequency  standard.  The  sum 
frequency  mixing  of  (2/3)  /i  at  1596  nm  and  (l/2)/i  —  2.v  at 
1108  nm  yields  an  output  at  654  nm,  which  is  2  THz 
from  the  657  nm  line.  As  in  the  case  of  the  HeNe  line  at 
633  nm,  a  CTA  crystal  can  be  used  to  generate  the  654  nm 
radiation  by  using  a  phase-matching  angle  of  0  =  90/ 
(j)  ^  6  . 
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4  Conclusion 
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We  have  proposed  a  two-laser-based  parallel  network  of 
OPOs  for  use  as  an  optical-to-microwave  frequency  chain 
to  provide  an  absolute  optical  frequency-measurement 
capability  over  a  broad  spectrum.  The  parallel  network 
confines  the  operating  wavelengths  of  the  chain  to  the 
near-IR  spectral  region.  With  the  use  of  two  pump  lasers 
instead  of  one  laser,  the  number  of  required  OPO  stages  is 
reduced.  The  proposed  OPO  frequency  chain  can  be  con¬ 
structed  using  mostly  readily  available  components  in  the 
800-1600  nm  spectral  region.  The  size  of  the  network  is 
dependent  on  the  difference-frequency  measurement  capa¬ 
bility.  The  higher  the  difference  frequency  that  one  can 
measure,  the  smaller  the  number  of  OPOs  that  are  re¬ 
quired.  Hence,  the  development  of  wide-band  optical  fre¬ 
quency-comb  generation  is  critical  to  the  implementation 
of  the  proposed  frequency  chain.  At  the  same  time,  it  is 
also  important  to  have  high-quality  nonlinear  optical 
crystals  that  can  be  used  to  generate  the  various  OPO 
outputs,  especially  the  CTA  and  RTP  crystals  for  3:1 
dividers.  Research  in  the  area  of  quasi-phase-matched 
nonlinear  materials  is  particularly  relevant  because  they 
can  be  fabricated  to  phase  match  at  any  user-specified 
wavelength  [25-27].  Moreover,  the  use  of  quasi-phase 
matching  in  waveguides  may  eventually  reduce  the  OPO 
system  to  a  very  compact,  and  perhaps  even  a  single-chip, 
device. 

The  proposed  frequency  chain  is  potentially  useful  for 
many  applications  in  metrology  and  spectroscopy  because 
there  is  a  broad  spectral  range  in  which  the  frequency  is 
either  calibrated  or  can  be  calibrated  using  an  additional 
frequency-mixing  stage.  New  development  in  the  Cs-clock 
technology  such  as  an  atomic  Cs  fountain  may  usher  in 
a  new  era  of  ultrahigh  resolution  of  the  order  of  10“  [3]. 

In  this  case,  the  proposed  OPO  frequency  chain  can  be 
utilized  to  transfer  this  ultrahigh  accuracy  in  the  rf  regime 
to  the  optical  regime.  Conversely,  the  fractional  accuracy 
of  future  optical  frequency  standards  with  very  high  line 
Os  can  be  transferred  to  the  rf  regions  by  using  the  same 
OPO  frequency  chain. 
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